Erwinia chrysanthemi exports degradative enzymes by using a type I protein secretion system. The proteases secreted by this system lack an N-terminal signal peptide but contain a C-terminal secretion signal. To explore the substrate specificity of this system, we have expressed the E. chrysanthemi transporter system (prtDEF genes) in Escherichia coli and tested the ability of this ABC transporter to export hybrid proteins carrying C-terminal fragments of E. chrysanthemi protease B. The C terminus contains six glycine-rich repeated motifs, followed by two repeats of the sequences DFLV and DIIV. Two types of hybrid proteins were assayed for transport, proteins with the 93-residue-protease-B C terminus containing one glycine-rich repeat and both hydrophobic terminal repeats and proteins with the 181-residue C terminus containing all repeat motifs. Although the shorter C terminus is unable to export the hybrids, the longer C terminus can promote the secretion of hybrid proteins with N termini as large as 424 amino acids, showing that the glycine-rich motifs are required for the efficient secretion of these hybrids. However, the secretion of hybrids occurs only if these proteins do not carry disulfide bonds in their mature structures. These latter results suggest that disulfide bond formation can occur prior to or during the secretion. Disulfide bonds may prevent type I secretion of hybrids. One simple hypothesis to explain these results is that the type I channel is too narrow to permit the export of proteins with secondary structures stabilized by disulfide bonds.
Nonpathogenic strains of Escherichia coli, such as the laboratory strain E. coli K-12, export few proteins to the external medium (53) . The secretion of proteins in E. coli depends on a type II (Sec-dependent) mechanism in which unfolded proteins carrying an N-terminal signal sequence are transported across the inner membrane to the periplasm and then processed and folded in the periplasm prior to their translocation across the outer membrane. To initiate type II secretion, it is thought that a polypeptide and its signal peptide must be fully extended to cross the inner membrane (3) . After crossing the inner membrane, proteins are folded in the periplasm in a process assisted by chaperones. In addition, the periplasm contains the enzymes required for the correct assembly of disulfide bonds to complete protein folding (5, 48) .
In contrast, many gram-negative pathogens including enteropathogenic E. coli (38) , Yersinia spp. (36) , Salmonella enterica serovar Typhimurium (39) , and Vibrio cholerae (35) export virulence factors required for host colonization and survival. These virulence factors are secreted by mechanisms that operate independently from the type II system, mechanisms that involve specialized membrane transport apparatuses (64) . A subset of virulence factors is exported by a type I mechanism in which three proteins assemble to form a transmembrane structure that couples the export of protein substrates with ATP hydrolysis. These ABC transporters include the type I mechanisms involved in the secretion of a Serratia marcescens metalloprotease (43) , E. coli beta-hemolysin (30, 61) , Bordetella pertussis adenylate cyclase (29) , Pseudomonas aeruginosa alkaline protease (23) , and Pseudomonas fluorescens lipase (1) . All of the substrates for these ABC transport systems have Cterminal signal sequences.
Many phytopathogens, including members of the genus Erwinia, also export proteins critical for virulence by using different secretion mechanisms. Among these, the secretion of metalloproteases in Erwinia chrysanthemi also proceeds by a type I mechanism (20) . E. chrysanthemi secretes four proteases (19, 27, 28) to the external medium. Secretion requires the products of the prtD, prtE, and prtF genes, which also recognize a C-terminal signal sequence in their substrates (20) . Like other ABC transporters, the products of the prtD, prtE, and prtF genes are thought to form a channel that allows the export of proteases directly from the cytoplasm to the external medium. The PrtD and PrtE proteins are associated with the inner membrane, and the PrtF protein is associated with the outer membrane (64) . The large (ca. 60-kDa) PrtD protein has an N terminus with six transmembrane segments and a hydrophilic C terminus with a classical ATP binding motif (42) . Studies with PrtD in vitro show that its P-type ATPase activity is inhibited by peptides carrying the C-terminal signal sequence, arguing that substrate translocation by this type I system requires the hydrolysis of ATP (18) . PrtE, which belongs to the family of the membrane fusion proteins (MFP), has a short N terminus presumably anchored in the inner membrane, followed by a large hydrophilic periplasmic domain and a hy-drophobic C terminus thought to interact with the outer membrane (22) . It has been suggested that proteins in the MFP family may form transmembranous pores for their substrates that traverse the periplasmic space (22) . The function of PrtF, associated with the outer membrane, is not well understood, as is the case for other ABC transporters (9) .
Based on studies on the C-terminal secretion signal of E. chrysanthemi proteases, this signal has been located in the last 50 amino acids (20) . Using an E. chrysanthemi protease, PrtG, it has been shown that the smallest C-terminal sequence allowing efficient secretion contains the last 29 amino acids of PrtG. This region contains two four-amino-acid motifs which are essential for protease secretion (28) . The E. chrysanthemi C-terminal protease signal can promote the specific secretion of fused passenger polypeptides. However, the four-aminoacid terminal motifs are not sufficient to promote secretion. Studies on fusion protein secretion have revealed the role of a domain located just upstream from the C-terminal signal on most of the proteases and lipases secreted by the type I system. These proteins carry a domain of glycine-rich sequences (GGXGXD) that is repeated several times depending on the protein (66) . It has been shown that these repeats play a critical role in the secretion of some polypeptide passengers, suggesting that they may act as internal chaperones (41) .
Because E. chrysanthemi is closely related to E. coli, we are testing whether proteins expressed in E. coli hosts may be transported efficiently using the Erwinia chrysanthemi type I secretion system. Understanding the substrate requirements for the secretion of proteins expressed in E. coli by this system would facilitate the production and purification of recombinant proteins of medical relevance, as well as have other important biotechnological applications. In this work, we extend the results of previous work showing that the signal sequence required for the secretion of hybrid eukaryotic proteins carrying the C terminus of E. chrysanthemi protease B is larger than that required for the secretion of protease B hybrids made by fusions to prokaryotic proteins (41) and showing that similar rules appear to apply to the transport of hybrids made between eukaryotic proteins and protease B. Surprisingly, we find that the E. chrysanthemi PtrDEF ABC transport system cannot transport hybrid eukaryotic proteins that have disulfide bonds in their mature structures.
MATERIALS AND METHODS
Bacterial strains and plasmids. Bacterial strains used in this work are listed in Table 1 . AD494(DE3) cells were from Novagen and were grown according to the vendor's instructions. E. coli JM105 and DH5␣ were from Pharmacia, and TOP10 was from Invitrogen. E. coli and Erwinia carotovora strains were grown in Luria-Bertani (LB) medium at 37 and 30°C, respectively, with constant shaking (200 rpm). Plasmids are listed in Table 2 . Plasmids pRUW4 and pRUW500 (20) were kindly provided by P. Delepelaire. Isolation of recombinant plasmids was done by using the alkaline lysis method of Birnboim and Doly (10), with slight modifications. Bacterial cells carrying recombinant plasmids were grown in medium supplemented with the required antibiotics (100 g of ampicillin/ml, 30 g of chloramphenicol/ml, or 40 g of kanamycin/ml).
DNA manipulations. Ligations and transformations were done using standard methods (54) . Restriction fragments and linearized plasmids were purified by the GeneClean kit (Bio 101) or the Wizard kit (Promega). Vector DNAs were usually dephosphorylated with calf intestine alkaline phosphatase as described by Chaconas and van de Sande (13) . Dephosphorylation reactions were stopped with phenol extraction, and dephosphorylated DNA was purified after chloroform-isoamyloalcohol (24:1) extraction followed by ethanol precipitation. Bacterial transformation of E. coli and Erwinia strains was done by electroporation (47) . In some cases, E. coli cells were transformed by using the calcium chloride cell permeation method (67) . For electroporation, a Bio-Rad gene pulser apparatus, model 2-89, coupled to a pulse controller was used. A high voltage (2,500 V) was applied to 40 l of electrocompetent cells contained in a cuvette with a 0.2-cm electrode separation. Electrocompetent cells were prepared as described by Miller (47) . Cells were recovered in SOC medium (54) at 30°C for 60 min, and electroporants were selected on LB agar plates with appropriate antibiotics. DNA sequencing was done by the dideoxy chain termination method (55) , following the procedure of Chen and Seeburg (15) for double-stranded plasmid DNA templates. The Sequenase kit version 2.0 (Amersham Pharmacia Biotech) was used according to the instructions, with [␣- 35 S]dATP as labeled substrate. Gels were exposed for 1 to 2 days to X-OmatAR Kodak film.
PCR amplifications. PCRs were performed in thin-walled Eppendorf tubes, in a final volume of 100 l containing 10 l of 10ϫ PCR buffer (200 mM Tris HCl [pH 8.4 ], 500 mM KCl), 3 l of 50 mM MgCl 2 , 16 l of 1.25 mM deoxynucleotide triphosphate, 50 to 75 pmol of each primer, and 2.5 U of AmpliTaq DNA polymerase (Perkin-Elmer). Standard conditions were as follows: 30 to 35 cycles of 2 min at 94°C, 1 min at 55°C, and 1 min at 72°C, followed by a terminal elongation step at 72°C for 7 min. Primers for amplification of various fragments are listed in Table 3 .
Construction of secretion vectors pSE420-93CTPB and pSE420-181CTPB. For the vector pSE420-93CTPB, a fragment containing the protease B coding region between residues Tyr 373 and Val 466 was released from plasmid pRUW500 by EcoRV and SacII digestions ( Fig. 1 ) and inserted at the same sites in the pSE280 vector. Then, because of an additional EcoRV site present in pSE420, the 93CTPB region was transferred to pSE420 as a NcoI-HindIII fragment. The 181CTPB coding sequence was amplified by PCR from plasmid pRUW500 in two ways, using the primers POLYG and PRTB-4 (providing a NaeI site to be ligated in frame for the hybrid fusion at the Eco47III site of the vector) or using the pair POLYG-2 and PRTB-4 (providing an SmaI site for in-frame hybrid fusions) (see strategies in Fig. 1 ). Both amplified fragments were separately ligated to the pCR2.1 and the pGEM-T vectors. The first construction had the initial ␤-galactosidase residues in frame with the 181CTPB region and resulted in plasmid p␤GAL-181CTPB. A fragment containing the 181CTPB region was isolated from p␤GAL-181CTPB after digestion with NaeI and HindIII, and the same fragment was obtained from the pGEM-T construction after digestion with SmaI and HindIII. Each 181CTPB fragment was independently ligated into the vector pSE420 that had been previously digested with Eco47III and HindIII or SmaI and HindIII. The first construction, in which the a Antibiotics were added to plasmid-transformed bacterial cultures or when required at the following concentrations: 40 g of kanamycin/ml; 100 g of ampicillin/ml; 30 g of chloramphenicol/ml; 50 g of tetracycline/ml.
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SECRETION OF HYBRIDS BY E. CHRYSANTHEMI TYPE I SYSTEMplasmid once ligated has lost both the NaeI and the Eco47III sites, was used for secretion studies of the carboxyl terminus. The second construction, pSE420-181CTPB2, preserved intact the SmaI site after ligation, and this was utilized to generate the hybrids with different passenger proteins, as shown in Fig. 1 . Construction of protease B hybrid genes. To construct plasmids expressing endochitinase hybrids, the endochitinase gene was amplified by PCR using the ECh42 cDNA as the template (33) and primers CHIT-1 and CHIT-4 ( Table 3 ). The use of primer CHIT-4 allowed the fusion in frame to the vector pSE420-181CTPB-2 after SmaI and NcoI digestions of the purified PCR fragment and ligation to the NcoI and SmaI sites of the vector. Ligation products were transformed into E. coli HB101 cells. Two pCHIT-181CTPB recombinant plasmids were selected for further studies. Plasmids expressing green fluorescent protein (GFP) hybrids were made using a similar strategy. A PCR fragment containing full-length GFP (238 codons) was amplified using template plasmid pGFP and primers GFP-NH3 and GFP-CT4. After NcoI and SmaI digestions, the fragment was ligated to pSE420-181CTPB2. The OmpC-181CTPB hybrid was constructed by amplifying the first 204 codons of the ompC coding region, using plasmid pOmpCBgl-2 as the template and primers OC-1 and OC-51. The PCR fragment was digested with NcoI and SmaI and ligated to pSE420-181CTPB2.
Plasmids hEPO-93CTPB and hEPO-181CTPB were constructed by amplifying a purified BglII restriction fragment obtained from plasmid pEry720 carrying a synthetic human erythropoietin (hEPO) gene (A. Venegas, unpublished results) as the PCR template and primers EPO-1 and EPO-2. The 518-bp PCR fragment was ligated to pGEM-T to make plasmid pGEM-hEPO-1, which was digested with NcoI and EcoRV to generate a fragment with the hEPO coding region G GCC GAT ATC CAG AGT GCA GTT GGC CTC CAG TGA EcoRV a Oligonucleotides were synthesized by Synthaid Biotechnology Inc., Ottawa, Canada. In all cases, signal peptide sequences were excluded in the primer design to avoid the use of a peptide signal-dependent secretion system during hybrid secretion evaluation. Restriction sites included in the oligonucleotides are underlined.
lacking the coding sequences for the signal peptide and stop codon. This fragment was ligated into vectors pSE420-93CTPB and pSE420-181CTPB2 and introduced into E. coli C600. Construction of plasmids tGH-93CTPB and tGH-181CTPB was accomplished in a similar way as described for the construction of hEPO hybrids, using plasmid pKKTGH23 as the template and primers TGH-21 and TGH-22.
Cloning of the E. chrysanthemi dsbC gene. The dsbC gene (57) was amplified without its signal peptide coding region from E. chrysanthemi chromosomal DNA prepared by the method of Grimberg et al. (31) , using primers DSBC-1 and DSBC-2. A 1.4-kb amplified fragment was ligated into pGEM-T and introduced into DH5␣ cells by electroporation. An insert carrying dsbC was generated with NcoI and HindIII and then subcloned into plasmid pKK233-2, which carries the trc promoter. A BamHI-HindIII fragment from this construct was ligated into the BamHI and HindIII sites of low-copy-number plasmid pACYC184, and the recombinant plasmid was introduced into E. coli JM105 cells by electroporation and selection for Cm r Tc s recombinants. Expression of the DsbC protein was verified by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), after induction of exponential cells with 1 mM IPTG (isopropyl-␤-Dthiogalactopyranoside), revealing an overexpressed protein with an apparent molecular mass of 42 kDa, as expected. 
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Detection of SH residues in hybrid proteins by covalent modification with iodoacetic acid. Six milliliters of fresh overnight cultures was centrifuged at 2,000 ϫ g for 5 min in an Eppendorf microcentrifuge. Cell pellets were suspended in double-distilled H 2 O (1/10 initial volume) and boiled for 5 min to inactivate disulfide bond formation enzymes. Cells were lysed by adding 300 l of 25 mM Tris HCl (pH 8.0), 10 mM EDTA, and 50 mM glucose, containing 4 mg of lysozyme/ml, and vortexing, followed by incubation for 5 min at 25°C. Total proteins were precipitated with 10% trichloroacetic acid (TCA), and the pellets were washed twice with acetone, dried, and then suspended in 120 l of 125 mM Tris HCl-6 M guanidinium chloride (pH 8.0) containing 20 mM iodoacetic acid and incubated for 10 min at 25°C. In order to remove iodoacetic acid remnants, a 50-l aliquot was filtered through a 0.5-ml Sephadex G-25 minicolumn set on a disposable blue tip and previously equilibrated with 125 mM Tris HCl (pH 8.0). Proteins with modified SH residues change their electrophoretic mobility on an 8 M urea-polyacrylamide gel. The gel was prepared as described by Laemmli (40) but containing urea instead of SDS. No upper gel was used. An 8% polyacrylamide gel was run at 25°C using 150 V. The gel was made in 350 mM Tris HCl buffer (pH 8.9). Electrophoresis running buffer was 125 mM Tris-glycine (pH 9.0) without SDS or ␤-mercaptoethanol (␤-ME). All samples were boiled for 5 min and some of them were reduced with 10 mM ␤-ME.
Purification of protease B and preparation of polyclonal antibodies. The 52-kDa protease B protein from E. chrysanthemi cloned in plasmid pRUW500 (20) was expressed in E. coli C600 after 1 mM IPTG induction of an overnight culture for 6 h. The protein band was purified by SDS-PAGE (7% polyacrylamide), and an appropriate gel slice was electroeluted with a Bio-Rad electroeluter as described in the vendor instructions. Anti-protease B polyclonal antibody was obtained as described previously (16), using three 300-g injections of protease B on rabbit pads. Sera from two rabbits were tested by an enzymelinked immunosorbent assay, and each milliliter of a 1:10 dilution of serum in distilled water was adsorbed twice against a 5-ml extract of sonicated E. coli C600 cells previously immobilized on a 5-cm 2 nitrocellulose filter. Protein gel electrophoresis and Western blotting for detection of protease B hybrids. Proteins with a molecular mass larger than 15 kDa were separated using SDS-PAGE (12 to 15% polyacrylamide) (40) . Protein staining was done with 0.1% Coomassie blue R-250 in a 50% methanol-10% acetic acid solution for 1 to 2 h at 25°C. Gel destaining was done in 10% methanol-10% acetic acid at 25°C. Western blotting using anti-protease B polyclonal antibodies was performed by the method of Towbin et al. (63) with few modifications. After transfer, nitrocellulose filters were blocked with phosphate-buffered saline (PBS)-2% bovine serum albumin (BSA) for 2 h at 25°C. Prior to its use, anti-protease B antibody was preadsorbed with E. coli C600 total protein extract as described by Zaror (69) . The antibody was added to a final dilution of 1:1,000 in PBS-2% BSA, and the filters were incubated for 1 h and then washed in PBS-0.1% Tween 20 three times for 5 min each. The filters were then incubated with anti-rabbit immunoglobulin G (diluted 1:1,000 in PBS-2% BSA) conjugated to horseradish peroxidase or alkaline phosphatase (Bio-Rad). For peroxidase reactions, the filters were developed in 25 ml of 50 mM Tris HCl (pH 7.4)-200 mM NaCl containing 15 mg of 4-chloro-1-naphthol (previously dissolved in 5 ml of methanol) and 60 l of 30% hydrogen peroxide. For phosphatase reactions, the filters were incubated in 10 ml of a mixture of 100 mM Tris HCl (pH 9.5), 100 mM NaCl, 5 mM MgCl 2, 66 l of a 50-mg/ml concentration of nitroblue tetrazolium, and 33 l of a 50-mg/ml concentration of 5-bromo-4-chloro-3-indolylphosphate. Western blot analyses of protease B hybrids were carried out using a 1:1,000 anti-protease B antibody dilution. To detect hybrids in supernatants, supernatants were concentrated 10-fold by precipitation with 10% TCA (32) prior to electrophoretic separation. In some cases, to standardize protein loading, the protein content of extracts was determined by the method of Bradford (11) . Chemiluminescence assays were done with a Renaissance kit from NEN Life Science Products (Boston, Mass.).
RESULTS
Construction of plasmid vectors with E. chrysanthemi PrtB C-terminal signal sequences. E. chrysanthemi secretes four proteases using its type I secretion system, proteases A, B, C, and G. These four proteases terminate with a similar 4-aminoacid motif, represented by the sequence Dhhh, in which h represents a hydrophobic amino acid. Initial studies have shown that this motif is critical for the secretion of protease G, because the addition of a single amino acid residue to the C terminus of protease G prevents its export by the type I mechanism (20, 28) . Although fusion of the coding sequence for the 40 C-terminal residues of protease B to the coding region for the first 200 residues of amylomaltase results in a hybrid protein that is secreted in E. coli, other larger fusion proteins that carry only this motif are not secreted efficiently by the type I mechanism (20) . In addition to this C-terminal motif, it has become clear that an additional glycine-rich motif, repeated immediately upstream of the C terminus of the E. chrysanthemi proteases, is required for the efficient type I transport of hybrids formed between heterologous proteins and the C termini of the secreted proteases (41) . This additional motif has the consensus sequence GGXGXD, in which X represents any amino acid, and is repeated several times in all proteins secreted by a type I mechanism.
To explore the C-terminal requirements for type I secretion by the E. chrysanthemi system in greater detail, we constructed plasmid vectors carrying sequences encoding two different lengths of the C terminus of protease B. The PrtB sequences in these vectors correspond to the 93 or 181 C-terminal residues of protease B. Both sequences include the C-terminal signal essential for type I secretion, whereas only the latter vector encodes the glycine-rich repeats required for the secretion of larger, hybrid proteins. To construct these vectors, we obtained different portions of the 3Ј end of the prtB gene and subcloned these products into plasmid expression vector pSE420, as described in Materials and Methods. These constructions allowed us to fuse part of the polylinker region of pSE420 in frame to the protease B C termini. This part of the polylinker region presumably is translated as a tract of 46 amino acid residues.
We tested the ability of the E. chrysanthemi type I secretion system to export the small fusion proteins expressed from plasmid vectors pSE420-93CTPB and pSE420-181CTPB in E. coli C600 cells. These proteins are predicted to be 139 and 229 amino acids in length, respectively. Western blot analysis of the proteins present in the total induced lysates of E coli C600 carrying these plasmids probed with anti-protease B antibodies reveals bands corresponding to fusion products with apparent molecular masses of 17 ( Fig. 2A) and 27 (Fig. 2B) kDa, as expected. Plasmid pRUW4, which expresses the E. chrysanthemi prtD, prtE, and prtF genes, was introduced into these strains, and the ability of the PrtDEF transport system to secrete these proteins was tested by assaying for the presence of secreted proteins in cell supernatants. We note that the expression of proteins that are not secreted is higher in the presence of plasmid pRUW4 (Fig. 2A, compare lanes 3 and 5) . At present, we have no explanation for this result. Figure 2B shows that only the 27-kDa fusion product (with the longer C-terminal signal sequence) is present in the supernatant fraction of cells (secretion scored 20 and 31% in two clones). No secretion was observed in the absence of plasmid pRUW4 (Fig.  2B, lanes 2 and 6) . Similar results were obtained when the plasmid vectors were introduced into an E. carotovora Ecc193 host (data not shown). This result shows that the longer 181-amino-acid C terminus is essential for the efficient secretion of the short hybrid product formed between the polylinker sequence on expression plasmid pSE420 in an E. coli C600 host and thereby confirms that the glycine-rich repeats are required for the efficient export of hybrid passenger proteins.
The E. chrysanthemi type I secretion system permits the transport of hybrids between eukaryotic proteins and protease B.
To test whether hybrids between eukaryotic passenger proteins and the C-terminal signal sequence of PrtB can be secreted in E. coli by the E. chrysanthemi type I system, plasmids to express hybrid proteins formed between a variety of eukaryotic proteins and the C terminus of protease B were constructed. These proteins include Trichoderma harzianum endochitinase (42 kDa), GFP from Aequorea victoria (28.5 kDa), (hEPO 20 kDa), and trout growth hormone (tGH, 22.6 kDa). For prokaryotic controls, we also constructed hybrids with segments of the E. coli lacZ (␤-galactosidase segment, 3.6 kDa) and Salmonella typhi ompC porin genes (OmpC segment, 24.5 kDa) and included the protease B gene (full-length product, 56 kDa).
Each gene was cloned upstream of, and in frame with, the 181-amino-acid C-terminal segment of PrtB present in pSEB420-181CTPB2. Hybrid constructions were tested for secretion after overnight incubation at 37°C in LB broth containing 100 g of ampicillin/ml and 50 g of chloramphenicol/ml, followed by induction with 1 mM IPTG for 3 to 4 h. Figures 3A  and 3B show secretion of GFP and chitinase hybrids, respectively. It was found that the GFP-181CTPB hybrid (55 kDa) was secreted in about 32 to 56% of the total amount of the synthesized hybrid depending on the particular clone, as shown in Fig. 3A (compare lanes 5 and 6 and and lanes 7 and 8) . The chitinase-protease B hybrid (72 kDa) was modestly secreted to the medium at about 4 to 8% depending on the specific isolated clone (Fig. 3B , compare lanes 7 and 8 and lanes 9 and 10).
As expected, the ␤-galactosidase hybrid used as the control gave between 60 and 75% secretion for two clones (Fig. 3C) . The OmpC-181CTPB hybrid (46 kDa) was also secreted to a substantial level (24 to 48%), even though this protein (when carrying its signal peptide and the entire coding sequence) is normally assembled in the outer membrane. For controls, protease B secretion assays in E. coli DH5␣ (Fig. 3D) as well as in C600 cells (Fig. 3E) were included. These results show that a variety of eukaryotic proteins can be secreted from an E. coli host by the E. chrysanthemi type I mechanism.
The E. chrysanthemi type I secretion system does not permit the transport of hybrids between eukaryotic proteins that form disulfide bridges in their native forms and protease B. Two of the hybrid proteins we tested are not secreted by the E. chrysanthemi type I system. The hybrids with hEPO and tGH were assayed with both the 93CTPB and 181CTPB secretion signals. Both of these proteins are unique among the proteins that have been tested for secretion by a type I system because they are capable of forming disulfide bonds in their native structures. The hEPO hormone contains two disulfide bonds, and because its active form is highly glycosylated (34), it has not been expressed previously in E. coli. In contrast, tGH, with a molecular mass of 22 kDa, contains two disulfide bonds, is not glycosylated, and has been expressed intracellularly in E. coli (49) . Both tGH-93CTPB and hEPO-93CTPB hybrids appeared in E. coli C600 lysates as the corresponding 32-and 35-kDa bands after separation by SDS-PAGE and Western blot assays. Thus, hybrids with both proteins are expressed in E. coli. However, these proteins were absent in supernatant fractions of cells that also carry plasmid pRUW4, which encodes the PrtDEF ABC transporter (Fig. 4A and B) . In spite of positive secretion results with the other eukaryotic hybrids, the hEPO-181CTPB and tGH-181CTPB hybrids are not secreted when expressed in host E. coli DH5␣ cells carrying pRUW4 ( Fig. 4C and D) . The same results were obtained when the 93CTPB or 181CTPB hybrid contructions and plasmid pRUW4 were transferred to E. coli HB101 (results not shown). These results argue that the PrtDEF type I secretion system cannot facilitate the secretion of passenger proteins that can form disulfide bonds. A summary of the results obtained for secretion of different hybrid constructions by the type I system in E. coli is shown in Table 4 .
Cytoplasmic enhanced expression of E. chrysanthemi disulfide isomerase C (DsbC) in E. coli does not improve the secretion of proteins carrying disulfide bonds. For some mechanisms of secretion, it has been proposed that a passenger 181 amino acids) of the E. chrysanthemi protease B in E. coli C600. The hybrids were detected by SDS-12% PAGE followed by Western blot analysis. (A) The 93CTPB signal immunoblot revealed with alkaline phosphatase; (B) the 181CTPB signal immunoblot revealed by chemiluminescence with horseradish peroxidase. Cultures were induced with 1 mM IPTG for 4 h, when bacterial growth reached an optical density at 600 nm (OD 600 ) of 0.5. Ten-microliter samples were applied to the gel from lysates (L) and supernatants (S). (A) Lanes: Std, prestained low-molecular-mass standard (GIBCO-BRL); 1 and 2, clone with pSE420 and pRUW4; 3 and 4, clone with pSE420-93CTPB; 5 and 6, clone with pSE420-93CTPB and pRUW4. Supernatants were concentrated 10 times with respect to the lysates by 10% TCA precipitation. (B) Lanes: 1 and 2, lysate and supernatant from control E. coli C600 cells; 3 and 4, lysate and supernatant from clone 8 (pSE420-181CTPB in E. coli C600); 5 and 6, lysate and supernatant from clone 8-1 (pSE420-181CTPB plus pRUW4 in E. coli C600); 7 and 8, lysate and supernatant from clone 4 (pSE420-181CTPB in E. coli C600); 9 and 10, lysate and supernatant from clone 4-1 (pSE420-181CTPB plus pRUW4 in E. coli C600). Std, migration of bands corresponding to low-molecular-mass standard (GIBCO-BRL). Supernatants were concentrated two times with respect to the lysates by 10% TCA precipitation.
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coli. Protein hybrids were separated by SDS-12% PAGE; this was followed by Western blotting revealed with anti-protease B antibodies (diluted 1:1,000) and a second antibody (goat anti-rabbit immunoglobulin G coupled to peroxidase; diluted 1:1,000). Bacterial cultures harboring plasmids pGFP-181CTPB in E. coli HB101 cells and pCHIT-181CTPB in E. coli C600 were grown in LB medium with 100 g of ampicillin/ml at 37°C until the OD 600 was 0.5. The cultures were then left uninduced or were induced for 4 h with 1 mM IPTG. Some of the cultures were previously cotransformed with plasmid pRUW4, which carries the three genes that encode the secretion machinery. For total lysates (lanes L), 0.5 ml of cell culture was concentrated by centrifugation and lysed in 100 l of electrophoresis buffer sample by heating at 100°C (40) . The gel was loaded with 25 l. The same volume of supernatant (lanes S) was precipitated with 10% TCA, and the pellets were washed twice with acetone, dissolved, and loaded as described for lysates. Std, GIBCO-BRL Benchmark molecular size standard in panels A through C and GIBCO-BRL high-molecular-weight standard in panels D and E. (A) GFP-181CTPB secretion in E. coli HB101. Lanes: 1 and 2, E. coli HB101 plus vector pSE420; 3 and 4, clone 6 (pGFP-181CTPB); 5 and 6, clone 6-1 (pGFP-181CTPB plus pRUW4); 7 and 8, clone 7-1 (pGFP-181CTPB plus pRUW4). (B) Endochitinase-181CTPB secretion in E. coli C600. Lanes: 1 and 2, clone CHIT-9 (pCHIT-181CTPB) uninduced; 3 and 4, clone CHIT-1 (pCHIT-181CTPB) uninduced; 5 and 6, clone pCHIT9-1 (pCHIT-181CTPB plus pRUW4) uninduced; 7 and 8, clone pCHIT1-1 (pCHIT-181CTPB plus pRUW4) induced with 1 mM IPTG; 9 and 10, clone pCHIT9-1 (pCHIT-181CTPB plus pRUW4) induced with 1 mM IPTG. (C) Secretion of ␤-galactosidase-181CTPB and OmpC-181CTPB hybrids in E. coli C600. All clones were induced for 3 h with 1 mM IPTG. Lanes: 1 and 2, lysates of two clones (p␤gal-181CTPB plus pRUW4); 3 and 4, the corresponding supernatants; 5 and 6, clone OmpC-3 (pOmpC-181CTPB plus pRUW4); 7 and 8, clone OmpC-8 (pOmpC-181CTPB plus pRUW4). The supernatant proteins loaded into the gel were previously concentrated 10-fold by TCA precipitation with respect to the lysates. (D) Control of protease B secretion in E. coli DH5␣ cells grown overnight in LB medium and antibiotics as required and visualized by Coomassie blue staining. Lanes: 1 and 2, lysate and supernatant of clone containing pRUW500 plus pRUW4; 3 and 4, lysate and supernatant of clone containing only pRUW500. (E) Control of protease B secretion in E. coli C600 cells grown overnight in LB medium and visualized as described for panel D. Lanes: 1, lysate; 2, supernatant of clone containing pRUW500 plus pRUW4.
protein must be completely folded to permit translocation through the secretion channel or outer membrane (52, 25) . In E. coli, the majority of intramolecular disulfide bonds are formed in the periplasm (59) , and it is believed that intermediates translocated by the E. chrysanthemi type I secretion system are not in contact with the periplasm during secretion (64) . Because the bacterial cytoplasm is a reducing environment, and most disulfide bonds are formed in the periplasm (53), we reasoned that proteins secreted by this pathway do not have the opportunity to form disulfide bridges. If such proteins must be folded prior to transport, the failure to form disulfide bonds may account for their failure to be transported by the type I mechanism. Therefore, we tested whether the formation of disulfide bonds in these proteins prior to transport might increase their efficiency of transport in two different ways. First, we expressed the hEPO and the tGHII hybrid proteins in a trxB mutant deficient in thioredoxin production to increase the oxidizing potential of the cytoplasm, and thereby to favor cytoplasmic disulfide bond formation (59) . Second, we expressed the hEPO and the tGHII hybrids in a strain of E. coli in which a soluble form of the dsbC gene product (disulfide isomerase) is also expressed in the cytoplasm, to promote the enzyme-catalyzed formation of disulfide bonds prior to secretion. Figure 5 shows the results of a Western blot assay for expression of the tGH-93CTPB hybrid in total lysates of the trxB-deficient E. coli host strain AD494, with or without ␤-ME included in the sample prior to the protein separation by electrophoresis. We did not visualize any change in the electrophoretic mobility of this protein under the two conditions, indicating that the absence of thioredoxin does not enhance the formation of disulfide bonds in the hybrid protein. We suspect that this is due to the fact that disulfide bonds can form in this hybrid protein in the E. coli cytoplasm both in the presence and absence of thioredoxin (see Discussion). Similar results were obtained with the hEPO-93CTPB hybrid and both constructions carrying the 181CTPB region.
To overexpress a soluble form of DsbC in the cytoplasm, we cloned a version of the E. chrysanthemi dsbC gene without the coding region for its signal sequence in plasmid pACYC184 as described in Materials and Methods and expressed this truncated form of dsbC from a strong IPTG-inducible trc promoter. The plasmid pACYC-dsbC was transferred by electroporation to an E. coli DH5␣ host carrying plasmids phEPO-181CTPB and pRUW4. When we assayed for the expression and secretion of the hEPO hybrid as described previously, we found that overexpression of DsbC activity in the cytoplasm did not improve secretion of the hEPO-181CTPB hybrid (data not shown). In this case, the redox state of the hybrids was evaluated by modification of the SH residues by iodoacetic acid (see Materials and Methods). An electrophoretic mobility change for the EPO hybrid was noticed when the cell extract previously treated with 20 mM iodoacetic acid was reduced by the addition of ␤-ME, showing that the sample treated with the reduc- 
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ing agent entered the gel and the untreated sample did not (Fig. 5C ). This suggests that the hEPO hybrid has been previously oxidized.
DISCUSSION
The main goal of the work we have described in this report has been to test whether the E. chrysanthemi type I secretion system permits the efficient secretion of eukaryotic proteins in an E. coli host. The secretion of eukaryotic proteins to the external medium using this system will facilitate and simplify the purification of proteins for basic scientific, medical, and industrial purposes. Our demonstration that a subset of eukaryotic proteins can be produced and excreted by this system in E. coli provides yet another method for the large-scale purification of eukaryotic protein hybrids in a prokaryotic host. Such hybrids, once purified, can be processed proteolytically to remove the secretion signal from the hybrid after exportation, if necessary.
Consistent with the results of previous studies with prokaryotic fusion proteins, we found that a 93-residue signal sequence from E. chrysanthemi PrtB is not sufficient to allow secretion of the small hybrid resulting from the construction of the secretion vector pSE420-93CTPB but that a larger hybrid with a 181-residue signal sequence is sufficient to allow secretion of the product of vector pSE420-181CTPB. Similar results were obtained with fusions of the same C termini to an endochitinase and GFP (Table 4) . Thus, as for previous hybrids constructed between prokaryotic proteins and the C terminus of PrtB, the secretion of hybrids with eukaryotic proteins, in general, depends not only on the C-terminal DFLV and DIIV motifs of PrtB but also on the presence of six short repeats of residues rich in glycines, three of them matching precisely the consensus sequence GGXGXD. These motifs have been defined as additional components of the secretion signal (41) . This feature is also present in a Serratia sp. metalloprotease, S. marcescens lipase, Rhizobium leguminosarum NodO, Proteus mirabilis metalloprotease, P. aeruginosa alkaline protease, and hemolysin, all secreted by a type I mechanism.
Although some hybrids with eukaryotic proteins are secreted by the E. chrysanthemi type I mechanism, others are not, including those with hEPO and tGH. The proteins that are not secreted by this mechanism have the common feature that they form intramolecular disulfide bonds in their native structures. This result is striking because it calls attention to the fact that none of the 22 known proteins secreted by type I mechanisms are capable of forming intramolecular disulfide bonds (Table  5) . Of these proteins, 20 of 22 have no cysteine residues and only NodO and PllktA have single cysteine residues. Given the average size of the proteins secreted by a type I mechanism, and the frequency of occurrence of cysteine residues in proteins, this conspicuous absence of disulfide bonds in these 22 proteins cannot be due to mere coincidence. Furthermore, we have shown that fusions with GFP are secreted by the type I apparatus. GFP has two cysteine residues that do not participate in disulfide bond formation because they are sufficiently distant from one another on the surface of the GFP monomer to exclude their direct intramolecular interaction (51) . Thus, the simplest hypothesis that can account for our results is that the formation of disulfide bonds, or the potential to form disulfide bonds, precludes the secretion of a subset of proteins by the E. chrysanthemi type I mechanism.
Initially, we considered the latter hypothesis because the E. coli cytoplasm is a reducing environment and most disulfide bond formation in E. coli occurs in the periplasm, due to the enzymatic activity of the Dsb proteins. According to this hypothesis, the potential to form disulfide bonds would preclude the secretion of a subset of proteins by the E. chrysanthemi type I mechanism, presumably because these proteins would need to be folded prior to transport. By this hypothesis, then, the lack of secretion for hEPO and tGH would be due to the incomplete folding of these hybrids because of the lack of disulfide bonds in their structure. However, we find that this is unlikely to be the case because overexpression of a soluble form of active DsbC in the cytoplasm does not increase the efficiency of export of proteins with disulfide bonds in their mature structures. This strategy of overexpressing members of the DsbC family to catalyze the formation of disulfide bonds in the cytoplasm has been used successfully to improve the production of apo-retinol-binding protein (56) , mouse urokinase, and human tissue plasminogen activator (6) . Given that we can detect cytoplasmic activity of the expressed E. chrysanthemi DsbC protein without its signal peptide, we presume that this protein can function to stimulate disulfide bond formation in the cytoplasm like its homologs. It is quite clear that the hEPO-181CTPB and tGH-181CTPB hybrids are sufficiently small to be secreted by the type I mechanism, because the endochiti-FIG. 5. (A) Western blot assay carried out in bacterial lysates to detect cytoplasmic formation of disulfide bonds in the tHG-93CTPB hybrid expressed in a trxB mutant. All E. coli AD494 and DH5␣ strains carrying both ptGH-93CTPB and pRUW4 plasmids were grown overnight and induced with 1 mM IPTG for 3 h. Bacterial cells (1 ml) were centrifuged in a microcentrifuge, and pellets were lysed by boiling for 5 min in 100 l of Laemmli sample buffer (40) . Aliquots of 30 l were loaded in an SDS-12% polyacrylamide gel. Lanes: Std, GIBCO-BRL molecular mass standard; 1, DH5␣/ptGH-93CTPB plus 25 mM ␤-ME; 2, DH5␣/ptGH-93CTPB without ␤-ME; 3, AD494/ptGH-93CTPB plus 25 mM ␤-ME; 4, AD494/ptGH-93CTPB without ␤-ME. (B) Detection of change in electrophoretic mobility of the tGH-181CTPB hybrid in DH5␣ cell extracts after treatment with ␤-ME. Proteins were resolved by 8 M urea-8% polyacrylamide gel electrophoresis (see Materials and Methods), and the hybrid (arrows) was detected by Western blotting as described in Materials and Methods. Lanes: 1, ptGH-181CTPB without ␤-ME; 2, ptGH-181CTPB with 10 mM ␤-ME; 3, ptGH-181CTPB plus pRUW4, without ␤-ME added; 4, ptGH-181CTPB plus pRUW4 with 10 mM ␤-ME. Loaded samples contained 10 l of cell extracts and 10 l of Laemmli sample buffer without SDS or ␤-ME. Hybrids loaded on lanes 1 and 3 did not enter the gel and were lost prior to or during transfer to the nitrocellulose filter. (C) Detection of change in electrophoretic mobility of hEPO-181 hybrid in DH5␣ cells overexpressing the dsbC gene by ␤-ME treatment of extracts previously blocked with 20 mM iodoacetic acid. Reaction with iodoacetic acid was done as described in Materials and Methods. Proteins were resolved by 8 M urea-8% polyacrylamide gel electrophoresis, and the hybrid (arrows) was detected by a chemiluminescence assay (see Materials and Methods). Loaded samples contained 10 l of cell extracts and 10 l of Laemmli sample buffer without SDS or ␤-ME. Lanes: 1, phEPO-181CTPB plus pRUW4 plus pACYC-dsbC, without ␤-ME added; 2, phEPO-181CTPB plus pRUW4 plus pACYC-dsbC with 10 mM ␤-ME. nase hybrid with 605 amino acid residues, almost twice the size of these proteins, is secreted to the same extent.
Thus, it appears that the formation of disulfide bonds per se excludes the export of a subset of eukaryotic proteins. At some step during the secretion process, these hybrid proteins can form disulfide bonds, and once formed, disulfide bonds block secretion. It is inviting to speculate that this is the case for two reasons (see a proposed model in Fig. 6 ). First, because the signal sequence essential for type I secretion is C-terminal, it is likely that transport of type I passenger proteins is initiated with this signal sequence, as it is with the signal sequences of proteins secreted by a type II mechanism. We might imagine that the C terminus of type I passenger proteins is first threaded through the export channel, followed by the N-terminal remainder of the protein (Fig. 6A) . A priori, an optimal export channel will have a small diameter, to minimize the exchange of ions between the extracellular and intracellular environments during transport. Thus, it is reasonable to assume that type I passenger proteins, like type II proteins transported to the periplasm, are transported in an unfolded form to be accommodated by an optimally small diameter of the type I secretion channel. Because SecB is required for the S. marcescens HasA protein to be secreted via a type I system (21) , it is likely that the passenger protein must be in an unfolded state as is the case for type II mechanisms.
This argument provides a simple explanation for why proteins capable of forming disulfide bonds cannot be transported by a type I mechanism. If they form disulfide bonds at some step during transport, either prior to interaction with PrtD or in contact with the periplasm, they may acquire a secondary structure that cannot be unfolded during the process of secretion, a structure that is too large to fit through the type I channel and which therefore blocks the channel (Fig. 6B) . It is unlikely that passenger proteins secreted by a type I mechanism can form disulfide bonds in the periplasm. This is because a hybrid formed by E. coli alkaline phosphatase (PhoA), which forms two intramolecular disulfide bonds in the periplasm dependent on DsbC, and the last 60-amino-acid region of the alpha-hemolysin carboxyl terminus is efficiently secreted in E. coli by the Hly type I transporter, even though no enzymatic activity has been reported (26) . Thus, we suspect that, unlike many prokaryotic proteins, some eukaryotic proteins with intramolecular disulfide bonds can form these bonds in the reducing environment of the E. coli cytoplasm. We have found direct evidence that our hEPO hybrid protein does form disulfide bonds in E. coli, because, when overproduced in E. coli, a fraction of the hEPO hybrid protein aggregates by forming disulfide bonds that are sensitive to reduction with ␤-ME (Fig.  5C) . Also, the folding of growth hormone occurs independently of the formation of at least one of its two disulfide bridges, to position two cysteine side chains sufficiently close to one another to permit spontaneous, base-catalyzed disulfide bond formation (62) . In addition, formation of prochymosin inclusion bodies in E. coli cytoplasm by cross-linking of disulfide bonds has been reported (58) . Formation of inclusion bodies in the cytoplasm could also restrict secretion of hybrid proteins by the type I secretion system (Fig. 6C) .
Currently, we are testing the hypothesis that the formation of intramolecular disulfide bonds in the cytoplasm by passenger proteins can block their secretion by a type I mechanism directly, by determining whether E. coli strains with the E. chrysanthemi type I secretion system are capable of exporting proteins that form disulfide bonds in their mature structures dependent on the activity of cytoplasmically expressed DsbC.
